[Abstract] Chromatin immunoprecipitation followed by massively parallel sequencing (ChIP-seq) is a powerful technology to profile genome-wide chromatin modification patterns and is increasingly being used to study the molecular mechanisms of brain diseases such as drug addiction. This protocol discusses the typical procedures involved in ChIP-seq data generation, bioinformatic analysis, and interpretation of results, using a chronic cocaine treatment study as a template. We describe an experimental design that induces significant chromatin modifications in mouse brain, and the use of ChIP-seq to derive novel information about the chromatin regulatory mechanisms involved. We describe the bioinformatic methods used to preprocess the sequencing data, generate global enrichment profiles for specific histone modifications, identify enriched genomic loci, find differential modification sites, and perform functional analyses. These ChIP-seq analyses provide many details into the chromatin changes that are induced in brain by chronic exposure to cocaine, and generates an invaluable source of information to understand the molecular mechanisms underlying drug addiction.
Perform cross-correlation quality analysis
The analysis of strand cross-correlation can be used as a ChIP-seq quality metric (Kharchenko et al., 2008; Landt et al., 2012) . The principle behind this analysis is that high-quality ChIP-seq experiments are expected to generate clusters of mapped reads on the forward and reverse strands, with the ChIP binding site centered between them. By increasingly shifting the reads in the direction of the strand they map to and then calculating the between-strand Pearson correlation of read depth at all positions, the plot of cross-correlation coefficient against strand-shift usually yields two peaks, one corresponding to the read length (the so-called 'phantom' peak) and the other to the average fragment length of the library. The absolute and relative heights of these peaks are then used to calculate two quality metrics, the normalized strand coefficient (NSC) and the relative strand correlation (RSC). The Encode Consortium
ChIP-seq guidelines state that high quality ChIP-seq datasets typically have NSC > 1.1 and RSC > 1, and recommend the generation of additional replicates when NSC < 1.05 and RSC < www.bio-protocol.org/e2123 8 best and the second-best guesses (the two numbers in parentheses) of the fragment length.
The fragment length estimates are identified as local maxima.
Generation of coverage files to be loaded into a genome browser
The effective visualization of a ChIP-seq sample provides valuable information to a bench biologist (Figure 3 ). Through the use of a genome browser, an investigator can easily see which genomic regions are enriched by ChIP. In Figure 3 , the y-axis gives the number of short reads aligned to that location, which can also be normalized by library size for comparing two or more ChIP-seq samples. This can be done by generating a so-called coverage file for each
ChIP-seq sample. Many options are available in choosing a genome browser. Most genome browsers support its own file format that best suits its implementation, but often also supports some other common formats. The UCSC genome browser (Kent et al., 2002 ) is one of the earliest genome browsers and probably still the most comprehensive one. It is a web-based application and usually requires a user to upload the coverage files to a remote server. As sequencing technology advances rapidly, so does the size of coverage files generated from
ChIP-seq samples. Therefore, it has become very inconvenient to upload those large files to a remote server. We therefore recommend using a genome browser that can work on a local machine. A very good choice is the IGV genome browser which is a Java-based cross-platform www.bio-protocol.org/e2123 a sliding window is used to scan the whole genome and identify regions that exceed pre-determined statistical cutoffs. As we examine this procedure, we can see that the most important part of peak calling is in the building of the null distribution that describes a ChIP-seq background. This is a non-trivial task because the short read counts of a ChIP-seq library do not follow a unified random process. The complexity is caused by many factors, but some of the most important ones are: uneven packaging of the chromatin into nucleosomes, PCR bias, www.bio-protocol.org/e2123 we have found this approach to be ineffective for our data because the drug-induced chromatin changes in brain are often relatively small, presumably due to the heterogeneity of the tissue compared, for example, to cell culture systems. Typically, one may observe a peak to be present in both drug-treated and control conditions, but some of the peaks do show significant differences in magnitude ( Figure 6A ). In addition, there are situations where a peak is not significantly more enriched in one condition than in the comparison condition but still classified as different because an arbitrary cutoff is chosen ( Figure 6B ). A refinement of this approach is to identify peaks in both conditions and make quantitative assessment on their binding enrichments (Liang and Keles, 2012) . This is a significant improvement to the first approach and can usually generate much more reliable differential sites than the former. The approach should work well for transcription factor-like histone marks. However, for some histone marks, this can still be suboptimal. For example, marks like H3K9me3 typically produce peaks as long as several Kb, while differences can be observed well within a peak ( Figure 6C ). Figure 6 . Challenges in detecting differential sites from ChIP-seq data by comparing two conditions. A. Two peaks are both above significance cutoff but show differences in binding. B.
One peak is above cutoff and the other peak is below cutoff but they are not significantly different. C. There is a region with significant difference within a peak but may not be detected when the whole peak is considered.
b. The final step in our analysis is the functional annotation for a peak list or differential site list.
This has traditionally been done by first annotating each genomic region to the closest gene and then testing the enrichment of functional terms among this Goecks gene group.
To annotate each called peak or differential site according to the type of genomic feature on which they are located, the region_analysis program is used. The region_analysis program www.bio-protocol.org/e2123 Tool' (GREAT). GREAT simply requires the input of a BED file which can be easily obtained from peak calling or diffReps outputs. These analysis tools are mainly web-based and interested readers are referred to their websites for more information.
Anticipated results
The ChIP-seq protocol outlined here is an extremely powerful and comprehensive technique for characterizing chromatin modification landscapes for histone marks in brain. The ChIP-seq data not only allows us to look at traditional regulatory regions -promoters, but also enables us to investigate remote regulatory sites, such as enhancers and exons. With this enhanced capability, we have now entered a new era to study disease-related chromatin modification changes with unprecedented detail.
Data analysis
For some concrete examples of using the above analytic procedures on a dataset of seven histone modification marks and RNA-seq to study cocaine-induced epigenomic and transcriptomic changes in mouse brain, readers are referred to our previous study (Feng et al., 2014) .
